Abstract: Many authors have expressed the view that a substantial portion of recent gains in longevity and health is due to biomedical research and innovation. This article describes the methodologies and findings of a number of studies based on observational data that have sought to measure the impact of biomedical innovation on the longevity and health of Americans and other populations during recent decades.
Introduction
During the twentieth century, U.S. life expectancy at birth increased by almost 30 years (63%), from 47.3 years in 1900 to 77.0 years in 2000. Nordhaus (2002) estimated that, "to a first approximation, the economic value of increases in longevity over the twentieth century is about as large as the value of measured growth in non-health goods and services" (p. 17). Murphy and Topel (2005) observed that "the historical gains from increased longevity have been enormous. Over the 20th century, cumulative gains in life expectancy were worth over $1.2 million per person for both men and women. Between 1970 and 2000 increased longevity added about $3.2 trillion per year to national wealth, an uncounted value equal to about half of average annual GDP over the period." There has also been a significant decline over time in the functional limitations of older people in the United States, and probably worldwide.
A number of authors have expressed the view that a substantial portion of recent gains in the longevity and health of Americans is due to biomedical research and innovation. Cutler, Deaton and Lleras-Muney (2006) "tentatively identif [ied] the application of scientific advance and technical progress (some of which is induced by income and facilitated by education) as the ultimate determinant of health." Kramarow et al (2007) suggested that "medical advances have had an important role in the better health of older Americans." Fuchs (2010) stated that "since World War II…biomedical innovations (new drugs, devices, and procedures) have been the primary source of increases in longevity." And the NIH (2012) says that "thanks in large part to NIH research, Americans are living nearly 30 years longer than they did in 1900."
I have conducted a number of studies that have sought to measure the impact of biomedical innovation on the longevity and health of Americans and other populations during recent decades. I have examined the impact of several different types of medical innovation. Most of my studies have examined the impact of pharmaceutical innovation. Pharmaceutical innovation is easier to measure than other types of medical innovation (e.g. surgical procedure innovation). Moreover, pharmaceuticals are more "research-intensive" than other types of medical care: in 2007, prescription drugs accounted for just 10% of national health expenditure 1 , but Dorsey et al (2010) estimated that more than half of U.S. funding for biomedical research came from pharmaceutical and biotechnology firms. Moreover, Sampat and Lichtenberg (2011) demonstrated that new drugs often build on upstream government research. I have also examined the impact of diagnostic imaging innovation (CT scans and MRIs) in several studies, and the impact of inpatient hospital procedure innovation in one study (Lichtenberg (2013a) ).
There are several ways to measure medical innovation. I believe that the best measure is the (mean) vintage of the medical goods and services used by an individual or population. One definition of vintage is "a period of origin or manufacture (e.g. a piano of 1845 vintage)" (http://www.merriam-webster.com/dictionary/vintage). Solow (1960) introduced the concept of vintage into economic analysis; this was one of the contributions to the theory of economic growth that the Royal Swedish Academy of Sciences (1987) cited when it awarded Solow the 1987 Alfred Nobel Memorial Prize in Economic Sciences. Solow's basic idea was that technical progress is "built into" machines and other goods and that this must be taken into account when making empirical measurements of their roles in production. I have often used a drug's initial FDA approval date as a measure of its vintage. Sometimes it is not feasible to measure the vintage of medical goods and services. In these cases, other measures of innovation, such as the number of distinct products (e.g. drugs) available for treating a condition, can be used.
I have attempted to assess the impact of medical innovation on a variety of health outcomes. The outcome that I have studied the most is longevity: the "quantity of life." Longevity is the best-measured health outcome; it may also be the most important one. I have also studied the impact of medical (i.e. pharmaceutical) innovation on functional status, or "quality of life": the ability of people to engage in important activities. In the nonelderly adult population, the activity of greatest interest is working. In the elderly population, the activities of greatest interest are "activities of daily living" such as dressing, eating, and bathing. In addition, I have analyzed the impact of medical innovation on the probability of being admitted to a hospital or nursing home, events which are indicative of poor health.
I have used several different approaches (research designs) to measure the impact of biomedical innovation on longevity and functional status. Each approach has advantages and disadvantages. In section II, I will briefly describe the three types of methodologies I have used. In Section III, I will briefly summarize five of my econometric studies of the impact of medical innovation on longevity and health.
Methodologies
Some of my studies have been based on cross-sectional patient-level data. Others have been based on longitudinal, region-level data; they have investigated whether regions (e.g. states) undergoing more rapid medical innovation have exhibited larger improvements in health. And some of my studies have been based on longitudinal, disease-level data; they have investigated whether the medical conditions undergoing more rapid innovation have exhibited larger gains in health outcomes.
A. Cross-sectional patient-level data
I have investigated the effect of the vintage of the drugs and hospital procedures used by an individual on his or her longevity (time till death), controlling for demographic characteristics and indicators of health status. In Lichtenberg (2012a), I did this by estimating models of the following general form: (1) was estimated by weighted least-squares, weighting by the number of drugs used by individual i during year t. I was able to track a patient's vital status until the end of year t+8: 8 years after the end of the period in which drug use (and other variables) were measured. If individual i did not die by the end of year t+8, his or her death date is unknown-we only know that the death date was or will be after the end of year t+8. Hence, the variable time_till_death is right-censored. I therefore estimated versions of eq. (1) using a statistical procedure (the SAS LIFEREG procedure) that fits parametric models to failure time data that can be uncensored, right censored, left censored, or interval censored. I assumed that the number of years from the end of year t until the date of death has the Weibull distribution, one of the most commonly used distributions in failure time analysis. The probability density function of a Weibull random variable x is:
where k > 0 is the shape parameter and λ > 0 is the scale parameter of the distribution. The mean of a Weibull random variable can be expressed as λ (1+(1/k)) where (z) is the Gamma function:
I assumed that the scale parameter λ depends on patient characteristics X as follows: λ = exp( X). Hence ln  =  X, and ln(mean survival time) =  X + ln((1+(1/k))). Therefore the estimated coefficient on a patient characteristic X1 indicates the percentage change in mean survival time attributable to a unit increase in X1. My estimation procedure allowed me to use right-censored survival data, but the precision of my estimates would be greater, the larger the fraction of the observations that were not censored. To increase the precision of the estimates, I analyzed people who were 65 years and older ("the elderly") at the beginning of year t.
I have also estimated models to investigate how the characteristics of medications used affects the functional status, or "quality of life," of nursing home residents. A survey of nursing home residents obtained information about the ability of residents to perform the following five Activities of Daily Living (ADLs): (1) transferring (to/from: bed, chair, wheelchair, standing position); (2) dressing; (3) eating; (4) using the toilet; and (5) bathing. For each of these activities, the survey determined whether (1) the resident could perform the activity independently; (2) the resident requires supervision; (3) the resident requires limited assistance; (4) the resident requires extensive assistance; or (5) the resident is totally dependent. One of the models I estimated was of the following form:
where priority%i = (d n_rxid priorityd) / d n_rxid = the fraction of medications used by resident i that contained active ingredients approved on a priority-review (as opposed to standard-review) basis priorityd = 1 if any products containing the active ingredient of drug d were approved on a priority-review (as opposed to standard-review) basis 2 = 0 otherwise Six indicators of healthi were used: the number of ADLs that the resident could perform independently (N_INDEPi; N_INDEPi = 0, 1,…, 5) and indicators of the extent of assistance required for each ADL. The variable Z in eq. (2) represents a vector of a large number of other (non-medication-related) characteristics of the resident: single-year-of-age by sex, race, marital status, veteran status, where the resident lived prior to admission, primary diagnosis at the time of admission, up to 16 diagnoses at the time of the interview, sources of payment, and facility fixed effects. I hypothesized that  > 0: residents who used newer drugs will tend to be in better health, ceteris paribus. I also hypothesized that  > 0: conditional on mean vintage, the greater the fraction of drugs that were priority-review drugs, the better the health of the consumer, since standard-review drugs are similar to older drugs. I used an ordered probit procedure to estimate eq. (2).
B. Longitudinal region-level data
I have estimated models of the following form, using longitudinal region-level data, i.e. data on states or countries:
where outcomert is one of the following variables: LErt = life expectancy at birth in region r in year t ln_AAMORTrt = the log of the age-adjusted mortality rate in region r in year t and where rx_vintagert is one of the following variables: FDA_YEARrt = the (weighted) mean FDA approval year (or world launch year) of ingredients contained in prescriptions consumed in region r in year t POST1990%rt = the percent of prescriptions consumed in region r in year t that contained ingredients approved by the FDA after 1990
In the study of Germany (Lichtenberg (2012c) ), X included the following variables: measures of diagnostic imaging innovation, the per capita quantity of drugs consumed, per capita income, the unemployment rate, the notifiable disease rate, the AIDS case rate, the number of physicians, pharmacists, and hospital beds.
C. Longitudinal disease-level data
I have also estimated models of longevity and hospitalization using longitudinal diseaselevel data. For example, in Lichtenberg (2014c) , I estimated models of the following form using data on France: In his model of endogenous technological change, Romer (1990) hypothesized an aggregate production function such that an economy's output depends on the "stock of ideas" that have previously been developed, as well as on the economy's endowments of labor and capital. Eq. (4) may be considered a health production function, in which longevity (age at death) is an indicator of health output or outcomes, and the cumulative number of drugs approved is analogous to the stock of ideas. Inclusion of year and disease fixed effects controls for the overall increase in French longevity and for stable between-disease differences in longevity. A positive and significant estimate of k in eq. (4) would signify that diseases for which there was more pharmaceutical innovation had larger increases in longevity. Eq. (4) was estimated by weighted least-squares, weighting by the number of deaths caused by disease i in year t.
Summaries of five econometric studies
In this section, I will briefly summarize five of my econometric studies of the impact of medical innovation on longevity and health. The first study examined the effect of pharmaceutical innovation, diagnostic imaging innovation, and other factors on longevity and medical expenditure growth using longitudinal state-level data during the period 1991-2004. The second study investigated the impact of the introduction of new orphan drugs on premature mortality from rare diseases using longitudinal, disease-level data from two countries: the U.S. (during the period [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] and France (during the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] . The third study examined the effect of pharmaceutical innovation on the fraction of the working-age population receiving Social Security Disability Insurance benefits, again using longitudinal state-level data. The fourth study examined the effect of pharmaceutical innovation on the functional status of nursing home residents using cross-sectional, patientlevel data from the 2004 National Nursing Home Survey. The fifth study examined the effect of cardiovascular system drug innovation on hospitalization and mortality due to cardiovascular disease using longitudinal country-level data on 20 OECD countries during the period 1995-2003.
A. The quality of medical care, behavioral risk factors, and longevity growth in the U. S., 1991-2004 The rate of increase of longevity has varied considerably across U.S. states since 1991. In the eight states with the smallest increase, life expectancy at birth increased by only 0.31-1.16 years between 1991 and 2004. In the eight states with the largest increase, life expectancy increased by 2.5-4.3 years. Lichtenberg (2011a) examined the effect of the quality of medical care, behavioral risk factors, and other variables on life expectancy and medical expenditure using longitudinal state-level data. That study examined the effects of three different measures of the quality of medical care. The first is the average quality of diagnostic imaging procedures, defined as the fraction of procedures that are advanced procedures. The second is the average quality of practicing physicians, defined as the fraction of physicians that were trained at top-ranked medical schools. The third is the mean vintage (FDA approval year) of outpatient and inpatient prescription drugs. I also examined the effects on longevity of three important behavioral risk factorsobesity, smoking, and AIDS incidence-and other variables-education, income, and health insurance coverage-that might be expected to influence longevity growth. My econometric approach controlled for the effects of unobserved factors that vary across states but are relatively stable over time (e.g. climate and environmental quality), and unobserved factors that change over time but are invariant across states (e.g. changes in Federal government policies).
My indicators of the quality of diagnostic imaging procedures, drugs, and physicians almost always had positive and statistically significant effects on life expectancy. Life expectancy increased more rapidly in states where (1) the fraction of Medicare diagnostic imaging procedures that were advanced procedures increased more rapidly; (2) the vintage of self-and provider-administered drugs increased more rapidly; and (3) the quality of medical schools previously attended by physicians increased more rapidly.
Between 1991 and 2004, life expectancy at birth increased 2.37 years. The estimates implied that, during this period, the increased use of advanced imaging technology increased life expectancy by 0.62-0.71 years, use of newer outpatient prescription drugs increased life expectancy by 0.96-1.26 years, and use of newer provider-administered drugs increased life expectancy by 0.48-0.54 years. The decline in the average quality of medical schools previously attended by physicians reduced life expectancy by 0.28-0.47 years.
The rise from 44% to 59% in the fraction of the population that was overweight or obese reduced the increase in life expectancy by .58-.68 years. The decline in the incidence of AIDS is estimated to have increased life expectancy by .18-.20 years. The small decline in smoking prevalence may have increased life expectancy by about 0.10 years.
Growth in life expectancy was uncorrelated across states with health insurance coverage and education, and inversely correlated with per capita income growth. The 19% increase in real per capita income is estimated to have reduced life expectancy by .34-.43 years. The sum of the contributions of all of the factors to the increase in life expectancy is in the 0.85-1.32 year range. Consequently, between 1.05 and 1.52 years of the 2.37-year increase in life expectancy is unexplained.
I performed several tests of the robustness of the life expectancy model. Controlling for per capita health expenditure (the "quantity" of healthcare), and eliminating the influence of infant mortality, had virtually no effect on the healthcare quality coefficients. Controlling for the adoption of an important nonmedical innovation also had little influence on the estimated effects of medical innovation adoption on life expectancy.
Although states with larger increases in the quality of diagnostic procedures, drugs, and physicians had larger increases in life expectancy, they did not have larger increases in per capita medical expenditure. This may be the case because, while newer diagnostic procedures and drugs are more expensive than their older counterparts, they may reduce the need for costly additional medical treatment. The absence of a correlation across states between medical innovation and expenditure growth is inconsistent with the view that advances in medical technology have contributed to rising overall U.S. health care spending. Increased health insurance coverage is associated with lower growth in per capita medical expenditure.
B. The impact of new (orphan) drug approvals on premature mortality from rare diseases in the U.S. and France, 1999-2007
Lichtenberg (2013b) investigated the impact of the introduction of new orphan drugs on premature mortality from rare diseases using longitudinal, disease-level data obtained from a number of major databases. The analysis was performed using data from two countries: the U.S. (during the period [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] and France (during the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] . For both countries, I estimated models using two alternative definitions of premature mortality, several alternative criteria for inclusion in the set of rare diseases, and several values of the potential lag between new drug approvals and premature mortality reduction.
Both the U.S. and French estimates indicated that, overall, premature mortality from rare diseases is unrelated to the cumulative number of drugs approved 0-2 years earlier, but is significantly inversely related to the cumulative number of drugs approved 3-4 years earlier. This delay is not surprising, since most patients probably don't have access to a drug until several years after it has been launched. Earlier access to orphan drugs could result in earlier reductions in premature mortality from rare diseases.
Although the estimates for the two countries were qualitatively similar, the estimated magnitudes of the U.S. coefficients are about four times as large as the magnitudes of the French coefficients. This may be partly due to greater errors in measuring dates of drug introduction in France. It is also possible that access to new drugs is more restricted in France than it is in the U.S. Lichtenberg (2009) found that the fraction of cardiovascular drug therapy days in 2004 that were for "new" drugs-drugs launched after 1995-was 13% in the U.S. and 8% in France. My estimates indicate that, in the U.S., potential years of life lost to rare diseases before age 65 declined at an average annual rate of 3.3%, and that, in the absence of lagged new drug approvals, potential years of life lost before age 65 (PYLL65) would have increased at a rate of 0.9%. Since the U.S. population age 0-64 was increasing at the rate of 1.0% per year, this means that PYLL65 per person under 65 would have remained approximately constant. The reduction in the U.S. growth rate of PYLL65 attributable to lagged new drug approvals was 4.2%.
In France, PYLL65 declined at an average annual rate of 1.8%. The estimates imply that, in the absence of lagged new drug approvals, it would have declined at a rate of 0.6%. The reduction in the French growth rate of PYLL65 attributable to lagged new drug approvals was 1.1%.
C. Did pharmaceutical innovation reduce Social Security Disability growth in the U.S.?
A number of scholars have argued that medical innovation has played a major role in the long-term decline in disability. Two studies (Lichtenberg (2005) , Lichtenberg and Virabhak (2007) ) investigated whether, in general, the introduction and use of newer prescription drugs reduces disability. One was based on longitudinal data on a set of diseases; the other was based on cross-sectional data on individuals. In both cases, disability status was selfreported.
Lichtenberg (2011b) reexamined the question using longitudinal state-level data during the period 1995-2004. The disability measure I analyzed is the ratio of the number of workers receiving Social Security Disability Insurance (DI) benefits to the working-age population (the "DI recipiency rate"). A previous study investigated the behavior of the DI recipiency rate using longitudinal state-level data during the period 1978-1998, but that study did not include measures of pharmaceutical use or other potential determinants of health.
I performed an econometric analysis of the effect of pharmaceutical innovation on the DI recipiency rate, controlling for other potential determinants of health (age, education, and behavioral risk factors) and other factors (DI program generosity and labor market conditions) that previous investigators have identified as important influences on DI participation. The principal contribution of this paper was the incorporation of drug vintage measures in models of DI recipiency. All of my measures of drug vintage were based on complete data on utilization of outpatient drugs paid for by state Medicaid agencies, combined with data on the initial FDA approval dates of the active ingredients of these drugs. Medicaid pays for 1 in 7 U.S prescriptions.
I estimated models of the DI recipiency rate using alternative measures of drug vintage. The implications of all of the models were virtually identical. In every case, i.e. regardless of the precise definition of drug vintage, there was a significant inverse relationship between disability recipiency and drug vintage. Disability recipiency was also consistently inversely related to the average wage rate and the fraction of state residents with at least a college education, and directly related to mean age.
The existence of a significant inverse relationship between disability recipiency and drug vintage implies that, if mean drug vintage had not increased-i.e., if people used the same drugs in 2004 as they had used in 1995-the DI recipiency rate would have increased more than it actually did. As shown in Figure 1 , from 1995 to 2004, the actual disability rate increased 30%, from 2.62% to 3.42%. The estimates imply that in the absence of any post-1995 increase in drug vintage, the increase in the disability rate would have been 30% larger: the disability rate would have increased 39%, from 2.62% to 3.65%. This means that in the absence of any post-1995 increase in drug vintage, about 418,000 more working-age Americans would have been DI recipients, and that Social Security benefits paid to disabled workers in 2004 would have been about $4.5 billion higher.
I also explored the reasons for interstate variation in the growth in Medicaid drug vintage. Some estimates indicated that less financially-constrained state governmentsthose with higher growth in per capita tax revenue-may have made newer drugs more available to Medicaid patients. But the variable that had the greatest influence on Medicaid drug vintage was the AIDS incidence rate: states whose AIDS incidence rates fell more slowly than average had smaller increases in Medicaid drug vintage. This may be because the Medicaid budgets of states with slowly-declining numbers of AIDS cases were under greater stress than the Medicaid budgets of states with rapidly-declining numbers of AIDS cases. High AIDS incidence may have increased disability rates among patients with other conditions by causing their access to newer treatments to be restricted. 
D. The effect of pharmaceutical innovation on the functional limitations of elderly Americans: evidence from the 2004 National Nursing Home Survey
Previous investigators have hypothesized that medical innovation in general, and pharmaceutical innovation in particular, has made important contributions to the decline in the functional limitations of older people. Lichtenberg (2012) examined the effect of pharmaceutical innovation on the functional status of nursing home residents using crosssectional, patient-level data from the 2004 National Nursing Home Survey. This was the first public-use survey of nursing homes that contains detailed information about medication use, and it contains better data on functional status than previous surveys. I found that residents using newer medications and a higher proportion of priorityreview medications were more able to perform all five activities of daily living (ADLs), controlling for age, sex, race, marital status, veteran status, where the resident lived prior to admission, primary diagnosis at the time of admission, up to 16 diagnoses at the time of the interview, sources of payment, and facility fixed effects.
The ability of nursing home residents to perform activities of daily living is positively related to the number of "new" (post-1990) medications they consume, but unrelated to the number of old medications they consume. As shown in Figure 2 , I estimated how much higher the functional limitations of 2004 nursing home residents would have been had they used old medications instead of new medications.
I estimated that the fraction of nursing home residents with all five ADL dependencies (number of activities for which the resident is not independent) would have been 58%, instead of 50%. During the period 1990-2004, pharmaceutical innovation is estimated to have reduced the functional limitations of nursing home residents by between 1.2% and 2.1% per year.
Unfortunately, the NNHS does not provide information about some potential determinants of functional status, such as the resident's income, wealth, or educational attainment. However, these other potential determinants are likely to be controlled for, to an important extent, by factors included in the model, such as race, diagnoses, and sources of payment. The facility fixed effects are also likely to control for a substantial amount of variation in socioeconomic status (SES), since SES is likely to play an important role in the I found that countries with larger increases in the mean vintage of cardiovascular drug had smaller increases in the cardiovascular disease hospital discharge rate, controlling for the quantity of cardiovascular medications consumed per person, the use of other medical innovations (CT scanners & MRI units), consumption of calories, tobacco, and alcohol, and demographic variables (population size & age structure, income, and educational attainment). The estimates also indicated that use of newer cardiovascular drugs has reduced average length of stay and the age-adjusted cardiovascular mortality rate, but not the number of potential years of life lost due to cardiovascular disease before age 70 per 100,000 population.
The Although our data on hospital use and especially on drug utilization were quite complete and reliable, data on cardiovascular risk factors were less complete. We can think of little reason to expect these risk factors to be correlated with drug vintage, conditional on income, education, and average rate of drug utilization (which we control for). Nevertheless, obtaining better information on these risk factors would certainly be desirable.
Conclusions and points for further research
A growing number of studies based on observational data have provided solid econometric support for the hypothesis that biomedical innovation has increased longevity and ability to work and improved quality of life. Almost all of the studies have been based on data from developed countries (especially the U.S.); pharmaceutical innovation has been studied more than other types of medical innovation; and longevity has been studied more than other health outcomes. If suitable data become available, it would be desirable to apply these methods to data from developing countries; to analyze non-pharmaceutical medical innovation; and to analyze a richer set of health outcome measures. Also, while innovation related to some specific major diseases (e.g. cardiovascular disease and cancer) has been investigated, the overall impact of innovation related to other major diseases (e.g. diabetes) has not.
